Invasion of host cells by apicomplexan parasites such as Toxoplasma gondii is critical for 24 their infectivity and pathogenesis. In Toxoplasma, secretion of essential egress, motility 25 and invasion-related proteins from microneme organelles is regulated by oscillations of 26 intracellular Ca 2+ . Later stages of invasion are considered Ca 2+ -independent, including 27 the secretion of proteins required for host cell entry and remodeling from the parasite's 28 rhoptries. We identified a family of three Toxoplasma proteins with homology to the 29 ferlin family of double C2 domain-containing Ca 2+ sensors. In humans and model 30 organisms such Ca 2+ sensors orchestrate Ca 2+ -dependent exocytic membrane fusion with 31 the plasma membrane. One ferlin that is conserved across the Apicomplexa, TgFER2, 32 localizes to the parasite's cortical membrane skeleton, apical end, and rhoptries. 33
Toxoplasma feature (Fig. 2D ). Since the transmembrane domain is predictive of 146 membrane association, we resolved the localization by immunoelectron microscopy 147 (IEM). In intracellular parasites a comparatively small number of gold particles were 148 distributed throughout the cytoplasm (Fig. 3A) . Gold was notably enriched at the 149 cytoplasmic side of the inner membrane complex (IMC) (Figs. 3A, B ) and within the 150 internal structures of the conoid at the apical end (Figs. 3A, C-E). Since intracellular 151 parasites do not actively secrete micronemes, the TgFER2 localization might be different 152 in extracellular parasites that are actively secreting micronemes. In extracellular parasites 153 we indeed observed a different pattern with gold particles patched on the cytoplasmic 154 side of the rhoptries (Fig. 3F-H) . Critically, TgFER2 labeling was not specifically 155 observed on the micronemes in either intracellular or extracellular parasites, which 156 appeared to be inconsistent with our initial hypothesis of a role for FER2 in microneme 157 secretion. 158 159 TgFER2 is not required for microneme secretion and conoid extrusion. To 160 determine the lethality of TgFER2-depleted parasites we first assayed parasite egress. 161
After 48 or 96 hours of ATc treatment, FER2-ckD parasites egressed normally when 162 treated with Ca 2+ ionophore A23187 (see Fig. S2 in the supplemental material). This 163 suggests that the micronemes are secreted normally. The morphology and distribution of 164 micronemes in TgFER2-depleted parasites is also normal by IFA and TEM (see Fig. S3 165 in the supplemental material). Since TgFER2 is present in the conoid we also examined 166 conoid extrusion as another Ca 2+ -regulated process (26). TgFER2-cKD mutants through a series of invasion and attachment assays. As controls, 194 we used mutants with defects at different points of host cell attachment and/or invasion. 195
These include the TgDOC2 temperature sensitive (ts-DOC2) mutant devoid of all 196 microneme secretion (16), the calcineurin (CnA) mutant, which secretes micronemes but 197 does not attach properly (11), the AMA1 mutant, which secretes micronemes but shows 9 the DHHC7 mutant, which lacks the palmitoyltransferase responsible for anchoring the 200 rhoptries at the apical end of the parasites and as a result is defective in rhoptry secretion 201 (5). 202
Early events in parasite attachment are mediated by the binding of SAG proteins 203 to glycans on the host cell surface. We assayed this by attachment of parasites to fixed 204 host cells (29). Only the ts-DOC2 mutant demonstrated reduced attachment relative to the 205 wild-type and uninduced controls, which indicates normal microneme secretion for all 206 other mutants ( Fig. 5A ). Next we tested attachment and invasion by the "red-green 207 invasion assay" (33). TgFER2 depleted parasites invaded at a much lower frequency ( Fig.  208 5B). The defect intensified >3-fold upon prolonged TgFER2 depletion (96 hrs), which 209 importantly did not affect their viability as these parasites are still fully capable of egress 210 (see Fig. S2 in the supplemental material). As expected, all other mutants showed severe 211 invasion defects. In this assay, quantifying the total number of parasites per field allows 212 for an estimation of parasite attachment. By this metric, a defect in the attachment of 213 TgFER2-depleted parasites to host cells was observed. By 96 hr of knockdown, the 214 numbers of parasites attached to host cells dropped nearly 4-fold ( Fig. 5B ). This 215 approaches the levels observed in the ts-DOC2 mutant where attachment and invasion are 216 both severely defective. The similarity between the ts-DOC2 mutant, where the primary 217 defect is in attachment, and the DHHC7 mutant, with a primary invasion defect, 218 highlights that this assay is unable to distinguish between these two interconnected 219 phenotypes. 220
It has been observed that the motility and attachment dynamics of TgFER2 is essential for invasion but does not pinpoint the nature of the defect. FER2-229 cKD parasites were then scrutinized for their interactions with host cells by video 230 microscopy. Both wild type and FER2-ckD parasites were able to glide across the host 231 cells. In contrast to control parasites, TgFER2 depleted parasites were not able to invade 232 host cells ( Fig. 6 and see Movie S1 in the supplemental material). Surprisingly, FER2-233 ckD parasites still exhibited "impulse motility" characteristic of invading parasites (35) . 234
This typical burst of forward motion immediately preceding invasion is followed by a 235 momentary pause when parasites secrete the RONs and create the MJ before proceeding 236 with invasion and parasitophorous vacuole formation. Both control and induced FER2-237 cKD parasites displayed bursts of impulse motility followed by a pause. However, only 238 in control -ATc parasites this pause was followed with forward motion (invasion) at 239 approximately half the original speed. In contrast, the velocity of +ATc parasites dropped 240 essentially to 0 µm/sec and failed to invade. This observation suggests that TgFER2 241 functions in the very late stages of invasion and indicates that either the MJ is not formed, 242 or is not of sufficient strength to support the force required for parasite penetration into 243
cells. 244 245
TgFER2 is required for rhoptry secretion. As shown in Fig. 3, 7 and S7 the 246 localization and morphology of the rhoptries were not affected by TgFER2 depletion. To 247 test rhoptry function, we first monitored the release of rhoptry neck proteins by tracking 248 RON4 distribution and assaying MJ formation ( Fig. 7A ). In the non-induced control we 249 readily observed MJ formation whereas no MJ formation was detected in absence of 250
TgFER2. These data suggest that the RON proteins are not secreted, or if they are, the do 251 not assemble into the MJ. 252
We next performed evacuole assays to determine the quantity and quality of 253 rhoptry protein secretion in TgFER2 mutants. We used the AMA1-cKD as control for 254 partial rhoptry secretion and weak MJ strength (31, 32) and DHHC7-cKD parasites as 255 control for defective rhoptry secretion (5). Evacuoles, which are rhoptry protein clusters 256 injected in the host cell cystosol, were visualized with ROP1 antiserum and classified as 257 illustrated in Fig. 7B (32). To examine the strength of the overall parasite-host cell 258 interaction the number of parasites per field was counted and differentiated by whether 259 they were associated with an evacuole (Fig. 7C ). The number of evacuoles per field and 7D). Levels of rhoptry secretion were differentiated by the relative size of evacuole 262 patterns ( Fig. 7E ): small punctate ROP1 staining indicates less secretion than long trails 263 or clusters. For FER2-ckD parasites, the number of parasites per field was consistent with 264 the observations from the attachment and invasion assays: depletion of TgFER2 265 decreased parasite attachment (Fig. 7C ). Among the parasites that were attached, very 266 few were associated with evacuoles, indicating that they have not secreted the contents of 267 their rhoptries into the host cell. The TgFER2 data are comparable with the results for the 268 DHHC7 mutant. However, they differed from parasites that lack AMA1, where few 269 parasites attach but the majority of the parasites have secreted rhoptries and generated 270 evacuoles. TgFER2-depleted parasites, like the DHHC7 mutant, appear to secrete very 271 few, if any, rhoptries. When we assess how many of the observed evacuoles are 272 associated with parasites it becomes clear that TgFER2 depletion is much more similar to 273 DHHC7 depletion than to parasites lacking AMA1 ( Fig. 7D ). Finally, we observed 274 relatively few extensive evacuole patterns for both TgFER2 and DHHC7-depleted 275 parasites ( Fig. 7E ) and conclude that in the rare events of rhoptry secretion, very little 276 material was released. Overall, we conclude that TgFER2 is required for the secretion of 277 the rhoptries, which is necessary to invade host cells. It has long been hypothesized that secretion from both micronemes and/or 292 rhoptries requires a membrane fusion event, but evidence for a canonical secretion 293 machinery has been elusive. Using C2 domains as the anchor for a bioinformatic search 294 for potential components of this pathway, we were unable to find homologs for either 295 synaptotagmins or the canonical DOC2 family of Ca 2+ sensors function in mammalian 296 neurotransmitter release (23, 38). We did find orthologs of the ferlin family of Ca 2+ 297 sensing membrane fusion proteins. TgFER1 and TgFER2 are widely conserved across the 298 Apicomplexa, whereas the degenerate TgFER3 is found only in the Coccidia and a single 299
Chromerid species, illustrative of the ancient history of these processes. 300
Detailed studies of Toxoplasma FER2 demonstrated it is required for secretion 301 from the rhoptries. This finding provides one of the first mechanistic insights into rhoptry 302 secretion, firmly linking it to the activity of this C2 domain-containing protein. It is 303 generally accepted that rhoptry secretion must be preceded by microneme secretion and 304 requires contact with an appropriate host cell (4, 8). However, neither the transduction of 305 this attachment signal nor the process by which it leads to secretion of the organelle's 306 contents have been clarified. Although it is known that Mic8 is required for rhoptry 307 release and has been postulated to be key in a signal transduction pathway (39), there is 308 no experimental data supporting this model. Furthermore, AMA1 (32) and RON5 (40) 309 also appear to be involved in rhoptry secretion but these mechanisms are equally 310 unknown. Our finding that the Ca 2+ sensor TgFER2 is required for rhoptry secretion 311 provides a tantalizing hint at a more detailed mechanism. Although we have not been 312 able to definitively demonstrate a role for Ca 2+ in TgFER2 function, ferlins are Ca 2+ -313 sensing proteins and it is well established that a raise in [Ca 2+ ] i accompanies host cell 314 invasion (2). While the conventional belief has been that this fluctuation acted only on 315 activation of motility, conoid extrusion and microneme secretion, we provide a hint that 316 rhoptry secretion may be similarly dependent on variations in [Ca 2+ ] i . The presence of an 317
Asp residues constellation consistent with Ca 2+ -binding capacity in TgFER2's C2F 318 domain supports this model (see Fig S8 in the supplementary material) , though the 319 relative importance of the protein's individual C2 domains in this process remain to be 320 experimentally determined. 321
Of the mammalian ferlins, otoferlin is currently the best studied, yet its 322 an increase in [Ca 2+ ] i (42, 43). A raise in [Ca 2+ ] i leads otoferlin to interact with 325 phospholipids (41) and SNARE proteins in vitro (44), though SNAREs have been 326 debated to be absent from the site of secretion in CHCs (45). This highlights the potential 327 for ferlin proteins to facilitate membrane fusion in the absence of SNAREs, an important 328 parallel to Toxoplasma, in which there is currently no evidence for either rhoptry-or 329 microneme-resident SNAREs. Otoferlin localizes to synaptic vesicles and the plasma 330 membrane in CHCs (43). Our IEM observations on TgFER2 are consistent with a role in 331 rhoptry secretion: in intracellular parasites TgFER2 localizes in a patchy pattern to the 332 cytoplasmic side of the IMC next to a strong TgFER2 concentration inside the conoid; in 333 extracellular parasites TgFER2 is detected in the conoid and surface of the rhoptries. This 334 membrane transition is conceivable with Ca 2+ -dependent process (e.g. Ca 2+ -dependent 335 phosphorylation (46)) and/or a change in membrane lipid composition of the IMC or 336 rhoptry (e.g. as described for microneme secretion (47)). 337
As part of this study we compared different invasion and egress mutants across 338 several commonly used assays, which allowed for several important observations. First, 339
we observed that microneme protein mediated interactions are responsible for 50% of the 340 attachment to fixed host cells. Somewhat unexpectedly, the red-green invasion assay did 341 not differentiate the various mutants very well, with the exception of confirming the 342 partial attachment defect previously demonstrated for the CnA mutant (11). Thus, this 343 assay is not capable of specifically attributing individual phenotypes to defects in 344 attachment versus invasion. By contrast, the evacuole assay was very powerful in 345 differentiating different aspects of MJ formation and rhoptry secretion. to mutate DOC2 F124 to S124 using primers DOC2_proto_F/R (50) and co-transfected 375 with hybridized oligos DOC2_FM>SV_F/R in RHΔKu80ΔHX-DOC2-5xTY parasites. 376
All primer sequences are provided in Table S1 in the supplemental material. Ot: green algae Ostreococcus tauri (Q01FJ7); Chromerids "Vb" Vitrella brassicaformis 705 (VbFER1 (Vbre_12074 + Vbra_12075), VbFER2 (Vbra_9198)) and "Cv" Chromera 706 velia (CvFER1 (Cvel_17519.2) and CvFER2 (Cvel_9223)); Apicomplexa "Tg" 707 Toxoplasma gondii (TgFER1 (TGME49_309420), TgFER2 (TGME49_260470), 708
TgFER3 (TGME49_295472 + TGME49_295468)) "Nc", Neospora caninum (NcFER1 709 (NCLIV_053770), NcFER2 (NCLIV_026570), NcFER3 (NCLIV_002280)), "Em" 710
Eimeria maxima (EmFER1 (EMWEY_00002120), EmFER2 (EMWEY_00009280), 711 EmFER3 (EMWEY_00017650)), "Pf" Plasmodium falciparum (PfFER1 712 (PF3D7_0806300), PfFER2 (PF3D7_1455600)), "Pb"Plasmodium berghei (PbFER1 713 (PBANKA_122440), PbFER2 (PBANKA_131930)), "Cp" Cryptosporidium parvum 714 (CpFER1 (cgd8_2910), CpFER2 (cgd2_2320)), "Gn" Gregarina niphandrodes (GnFER1 715 (GNI_063830), and GnFER2 (GNI_073830)). Alignment and unrooted Jules-Cantor 716 phylogenetic tree were generated in Geneious (v.6.1.6) (63)) from a MUSCLE alignment 717 using neighbor-joining. Note that the FER1 and FER2 nodes for Tg and Nc are barely 718 discernable at this scale. 719 
